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Institute of Organic Chemistry SB RAS, and 4Novosibirsk State University, Novosibirsk, RussiaABSTRACT mRNAs are involved in complicated supramolecular complexes with human 40S and 80S ribosomes responsible
for the protein synthesis. In this work, a derivative of nonaribonucleotide pUUCGUAAAAwith nitroxide spin labels attached to the
50-phosphate and to the C8 atom of the adenosine in sixth position (mRNA analog) was used for studying such complexes using
double electron-electron resonance/pulsed electron-electron double resonance spectroscopy. The complexes were assembled
with participation of tRNAPhe, which targeted triplet UUC of the derivative to the ribosomal peptidyl site and predetermined lo-
cation of the adjacent GUA triplet coding for Val at the aminoacyl (A) site. The interspin distances were measured between
the two labels of mRNA analog attached to the first nucleotide of the peptidyl site bound codon and to the third nucleotide of
the A site bound codon, in the absence/presence of second tRNA bound at the A site. The values of the obtained interspin dis-
tances agree with those calculated for available near-atomic structures of similar complexes of 40S and 80S ribosomes, showing
that neither 60S subunit nor tRNA at the A site have a noticeable effect on arrangement of mRNA at the codon-anticodon inter-
action area. In addition, the shapes of distance distributions in four studied ribosomal complexes allowed conclusions on confor-
mational flexibility of mRNA in these complexes. Overall, the results of this study are the first, to our knowledge, demonstration of
double electron-electron resonance/pulsed electron-electron double resonance application for measurements of intramolecular
distances in multicomponent supramolecular complexes involving intricate cellular machineries and for evaluating dynamic
properties of ligands bound to these machineries.INTRODUCTIONElectron paramagnetic resonance (EPR) is a powerful tool for
studying structural arrangements of biologically important
molecules, in particular, of keystone biopolymers, proteins,
and nucleic acids (for review see (1–6)). To apply this
approach, biopolymers that bear spin labels (generally,
nitroxides) at desired locations are used. In line with this, a
number of methods for selective introduction of such labels
into proteins and nucleic acids have been elaborated
(4,7–11). Application of biopolymers with a single-spin
label provides structural and dynamic information on
the biopolymer fragment containing the label, namely, on
accessibility of the label to external paramagnetic probes
from the solvent, as well as on polarity of molecular
environment and mobility of the label (for review
see (3,4,10,12–15)). Double electron-electron resonance
(DEER) or pulse electron-electron double resonance
(PELDOR) spectroscopy is widely applied to systems with
two spin labels introduced at desired locations of one
biopolymer or different biopolymers forming a specific com-
plex.DEERallowsmeasurements of intramolecular and inter-
molecular interspin distances when their values fall into theSubmitted July 6, 2015, and accepted for publication October 30, 2015.
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0006-3495/15/12/2637/7range between 2 and 8 nm (16–19). This approach has been
fruitfully used for measurements of interspin distances in
proteins and nucleic acids as well as in their complexes (2–
4,20–31), but was not yet applied for investigation of multi-
component supramolecular complexes containing proteins
and nucleic acids such as ribosomal translational complexes.
Ribosomes are cellular ribonucleoprotein machineries
composed of two subunits, small (40S) and large (60S)
ones, each containing ribosomal RNA and several dozens
of ribosomal proteins. In all organisms from bacteria to
humans, ribosomes carry out protein synthesis, during
which the genetic information, delivered as the sequences
of trinucleotides-codons of mRNAs copied from the DNA,
is translated to amino acid sequences of proteins. In the
course of translation ribosomes form a number of specific
complexes with their ligands, principally important of
which are mRNAs containing the genetic information and
tRNAs carrying amino acid residues for their incorporation
into the nascent polypeptide chain. Spin-labeled mRNA and
tRNA derivatives were used for studying ribosomal com-
plexes; however, their application was restricted to a few
early works. In one of them the conformational changes in
spin-labeled tRNA caused by its binding to the bacterial
ribosome were investigated (32). The other one was focused
on examination of stoichiometry of binding of spin-labeledhttp://dx.doi.org/10.1016/j.bpj.2015.10.042
2638 Malygin et al.poly(U) to mammalian ribosomes and the effect of poly(U)
derivatization on its functional competence as mRNA
analog (33). Surprisingly, despite the remarkable progress
in EPR technologies and spin labeling of RNAs and proteins
during following decades, DEER/PELDOR was not yet
used for structural studies of ribosomal translational com-
plexes. To date, structural and functional topography of
eukaryotic ribosomes has been well studied by means of
biochemical approaches such as site-directed cross-linking
(for review, see (34)), and structures of several translational
complexes have been deciphered at a subatomic level by
means of high-resolution cryo-electron microscopy (cryo-
EM) (e.g., see (35,36)) and x-ray crystallography (37).
The respective structures deposited at the Protein Data
Bank (PDB) allow calculation of intramolecular and inter-
molecular distances, making eukaryotic ribosomal transla-
tional complexes suitable models for testing applicability
of DEER/PELDOR for measurements of interspin distances
in supramolecular ribonucleoprotein complexes including
intricate cellular machineries.
In this study, we applied a nonaribonucleotide derivative
bearing simultaneously two nitroxide spin labels as mRNA
analog to measure intramolecular distances in complexes of
this analog with human 40S and 80S ribosomes. The mRNA
analog in these complexes was involved in codon-anticodon
interactions with tRNA at the peptidyl (P) site or simulta-
neously with two tRNAs at the P and aminoacyl (A) sites.
The labels were attached via amino-linkers to the 50-termi-
nal phosphate and to the C8 of adenine in the sixth position.
This spin-labeling strategy was chosen because it is known
that introduction of foreign chemical groups (in particular,
aryl azide cross-linkers) via amino linkers at the 50-terminal
phosphate or at the C8 of adenosines in short mRNAs (oli-
goribonucleotides) does not affect their ability to form spe-
cific complexes with human ribosomes and to participate in
codon-anticodon interactions with cognate tRNAs (38,39).
DEER/PELDOR measurements in ribosomal complexes
with this mRNA analog provided the mean distances being
in agreement with known structural data on the respective
ribosomal complexes and led us to conclusions on the extent
of conformational flexibility of mRNA in these complexes.
Besides, our study clearly demonstrated the applicability of
this method for investigating intra- and intermolecular
distances in such highly organized ribonucleoproteins as
natural supramolecular machineries.MATERIALS AND METHODS
Ribosomes, tRNAs, and spin label
40S and 60S ribosomal subunits were isolated from unfrozen human
placenta according to (40). At the final step of preparation, the subunits
were resuspended in D2O up to 60 pmol/ml concentrations and stored in
liquid nitrogen in small aliquots, each to be unfrozen only once. Before
use, the subunits were reactivated by incubation in binding buffer A
(50 mM Tris-HCl, pH 7.5, 100 mM KCl, 13 mM MgCl2, and 0.5 mMBiophysical Journal 109(12) 2637–2643EDTA in D2O) at 37
C for 10 min. 80S ribosomes were obtained by asso-
ciation of reactivated 40S and 60S subunits taken in a 40S:60S ratio of 1:1.
Activity of the ribosomes in the poly (U)-directed binding of [14C]Phe-
tRNAPhe was ~70%. tRNAPhe and tRNAVal (~1300 pmol/A260 unit) from
Escherichia coli were kindly provided by Dr. V.I. Katunin (B.P. Konstanti-
nov’s St. Petersburg Institute of Nuclear Physics, Gatchina, Russia). Before
use for binding with ribosomes, tRNAs were reactivated by incubation in
buffer A at 37C for 5 min. The spin label 3-carboxy-2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-1-oxyl succinimidyl ester (NHS-M2) was prepared
according to the procedures described in (41). and used without deuteration.Spin-labeled mRNA analog
Derivative of nonaribonucleotide UUCGUAAAA bearing simultaneously
two spin labels at desired locations was prepared starting from the nonamer
derivative bearing an aliphatic ethylene diamine amino linker (EDL) at the
atom C8 of adenosine in the sixth position, which was synthesized and pu-
rified according to (42). Spin label M2 was introduced at the EDL aliphatic
amine moiety by reaction of the nonamer derivative with NHS-M2 in a
mixture containing dimethyl sulfoxide (similar procedure was previously
described to insert a spin label at the EDL attached to the atom C5 of uridine
(7)); the extent of conversion of the EDL-containing nonamer to the spin-
labeled one was ~80%. To introduce second aliphatic amino linker, the ob-
tained oligomer derivative was first phosphorylated at the 50-terminus by
means of incubation of 10 nmol of the oligomer in 50 ml of a standard
kinase buffer containing 2 mM ATP and 20 units of polynucleotide kinase
at 37C for 1 h with subsequent high-performance liquid chromatography
purification of the phosphorylated oligomer. EDL was attached to the
50-phosphate of the nonamer derivative via phosphoramide bond by its
condensation with ethylene diamine in the presence of triphenylphosphine
and dipyridyl disulfide according to the method described earlier (38) with
minor modifications (namely, 0.7 M ethylene diamine was taken instead of
aromatic 2-chloroethylamine and 1.5 M dimethyl aminopyridine was used
instead of N-methyl imidazole). After the reaction, nucleotide material was
precipitated by 10 volumes of 2% LiClO4 in acetone and the EDL-contain-
ing nonamer derivative was isolated by high-performance liquid chroma-
tography. The extent of EDL-derivatization of 50-terminal phosphate of
the nonamer bearing the spin label at the atom C8 of adenosine was
~90%. Introduction of the second spin label at the EDL attached to the
50-terminal phosphate and purification of the obtained nonamer derivative
were carried out as described previously. The nonamer derivative
containing two spin labels was then dissolved in D2O at a concentration
of (1–2)  104 M. Typically, ~1 nmol of the purified nonamer derivative
with two spin labels was finally obtained from 5.5 nmol of the EDL-deriv-
ative of UUCGUAAAA taken at the start of the synthesis.Ribosomal complexes with spin-labeled mRNA
analog
40S and 80S ribosomal complexes containing a spin-labeled derivative of
nonaribonucleotide as mRNA analog were obtained in buffer A at 20C.
To obtain the ternary complex containing a 40S ribosomal subunit, the
mRNA analog and tRNAPhe at the P site, 300 pmol of 40S subunits were
first incubated with 400 pmol of tRNAPhe in 6.5 ml of buffer A for
20 min, and then 300 pmol of the mRNA analog dissolved in 1.7 ml of buffer
Awas added and the mixture was incubated for 1 h. To obtain 40S complex
with codon-anticodon interactions at both A and P sites (the quaternary
complex), the ternary complex obtained as described previously was mixed
with 780 pmol of tRNAVal with subsequent incubation for 1 h. Before EPR
analysis, glycerol-d8 was added to the complex up to 40% concentration.
Ternary and quaternary 80S ribosomal complexes were obtained by incuba-
tion of the respective 40S complexes with 60S subunits taken in 40S:60S
ratio of 1:1 for 1 h, and glycerol-d8 was added to the preformed complexes
to keep its 40% concentration.
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Samples for DEER measurements were prepared at room temperature in
glass capillary tubes (OD 1.5 mm, ID 0.9 mm, with the sample volume be-
ing ~10 ml), shock-frozen in liquid nitrogen and investigated at T ¼ 80 K.
The data were collected at the Q-band (34 GHz) using a Bruker Elexsys
E580 pulse/CW EPR spectrometer equipped with an EN5107D2 resonator
and Oxford Instruments temperature control system (maximum available
microwave power was limited to 1 W). A standard four-pulse DEER
sequence (18) was used with pulse lengths of 20/40 ns for probe (yprobe)
and 44 ns for pump (ypump) frequency. The measurements were done at a
field position of ~2.5 mT higher than the maximum of the spectrum, thus
using Dy ¼ (ypump  yprobe) ¼ 70 MHz led to the pump pulse applied at
the spectral maximum. In addition to the traditional two-step phase cycle,
we implemented cycling of the second pulse at the probe frequency, which
gave slightly better results for our experimental setup. The number of scans
was 200 for unbound mRNA and complexes 1 and 3 and 400 for complexes
2 and 4. All measurements were reproduced several times. All experimental
results were processed using DeerAnalysis2013 (43).FIGURE 1 Model 40S (1 and 2) and 80S (3 and 4) ribosomal complexes
with the nonaribonucleotide mRNA analog bearing two spin labels, one at
the 50-terminal phosphate and another at the adenosine in sixth position.
P and A are ribosomal tRNA binding sites. In complexes 1 and 3 the
mRNA analog is implicated in codon-anticodon interaction with cognate
tRNAPhe at the P site, and in complexes 2 and 4 codon-anticodon interac-
tions occur at both the A and the P sites. At the bottom, chemical structures
of derivatized adenosine and 50-terminal phosphate of the mRNA analog are
shown.RESULTS AND DISCUSSION
Spin-labeled mRNA analog and its complexes
with human ribosomes
To measure intramolecular distance between different parts
of mRNA bound to human 40S or 80S ribosomes, we used a
derivative of nonaribonucleotide UUCGUAAAA contain-
ing triplets UUC and GUA coding for Phe and Val, respec-
tively. To obtain model complexes of the ribosomes with the
mRNA analog, in which these codons are positioned at the
ribosomal P and A sites, respectively, we used an approach
based on the well-known phenomenon that without transla-
tion factors tRNA has maximum affinity to the P site of 80S
ribosomes (for review, see (34,44)). This characteristic of
tRNA is displayed as well when tRNA binds to isolated
40S subunits, which are responsible for binding of mRNA
and where mRNA codons are recognized by anticodons of
tRNAs in the course of the translation process. In the pres-
ence of tRNA cognate to one of the mRNA codons, mRNA
analog becomes fixed on the ribosome by interaction of the
selected codon with the tRNA anticodon at the P site. Such
kinds of complexes, in which position of a derivatized
nucleotide of mRNA analog on the ribosome was governed
by tRNA targeting the desired codon to the P site, were fruit-
fully used for studying functional topography of human
ribosomes with application of mRNA analogs bearing nu-
cleotides with cross-linkers at specific locations (reviewed
in (34)). Using a doubly spin-labeled derivative of UUC-
GUAAAA, we obtained complexes where it was fixed at
the P site by interaction of its UUC triplet with tRNAPhe,
which predetermined location of the adjacent triplet GUA
at the A site (Fig. 1, complexes 1 and 3). The latter made ob-
taining complexes with two codon-anticodon interactions
possible, where tRNAPhe was at the P site and tRNAVal
was at the A site (Fig. 1, complexes 2 and 4). We used the
same ionic and temperature conditions for the ribosomal
complexes formation as in previous studies with shortmRNA analogs bearing cross-linkers, but ribosome concen-
tration used in this study was much higher than that applied
in the cross-linking studies (39,45,46). It is worth noting
here that short oligoribonucleotides as mRNA analogs
form stable complexes with ribosomes only in the presence
of tRNA cognate to one of their codons, and without tRNA
they are unable to bind at the ribosomal site corresponding
to the area of codon-anticodon interactions (34). Maximum
binding (~0.7–0.8 mol of mRNA analog per mol of 80S ri-
bosomes) was generally achieved in the mentioned cross-
linking studies when mRNA analogs were taken in 5- to
10-fold excess over ribosomes. Binding properties of the
doubly spin-labeled mRNA analog used in this study were
similar to those of the respective unmodified nonaribonu-
cleotide; under conditions used to obtain model complexesBiophysical Journal 109(12) 2637–2643
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(~70%) saturated with the mRNA analog basepaired with
tRNAPhe at the P site (see the Supporting Material), i.e.,
only minor fraction (~30%) was free. The ability of the
complex 1 to bind tRNAVal at the A site to form complex
2 was also confirmed (see the Supporting Material).FIGURE 2 Distance measurements in unbound mRNA and complexes
1–4 obtained by Q-band DEER. (a) Background corrected four-pulse
DEER traces (intensity is normalized). Lines with noise correspond
to the experimental data. Solid lines show best fits obtained using
DeerAnalysis2013. (b) Obtained distance distribution for complexes 1–4
after normalization. Regularization parameter is 1000. To see this figure
in color, go online.
TABLE 1 Mean distances hrDEERi and standard deviation
parameter s obtained by EPR for all studied complexes
Complex Type hrDEERi5 s/nm
Unbound mRNA 2.865 0.51
Complex 1 3.035 0.55
Complex 2 3.055 0.48
Complex 3 3.045 0.54
Complex 4 3.095 0.46Measurements of interspin distances in the
ribosomal complexes of the spin-labeled mRNA
analog
Spin labels attached to the first nucleotide of the P site codon
and to the third nucleotide of the A site codon of the mRNA
analog (Fig. 1) allowed us to learn whether the distance be-
tween the corresponding nucleotide positions is changed
upon tRNA-dependent binding of the analog to 40S sub-
units. Besides, spin labels in these locations enabled moni-
toring the spin-spin distances depending on 1) interaction of
the A site-bound codon with cognate tRNA, and 2) associa-
tion of the 40S complex with 60S subunits accommodating
CCA-ends of tRNAs to the ribosomal catalytic center. Fig. 2
shows the obtained DEER time traces and distance distribu-
tions for unbound mRNA and complexes 1–4. The obtained
mean distances hrDEERi and corresponding standard devia-
tion parameters s are summarized in Table 1. The binding
of the mRNA analog to both 40S and 80S ribosomes leads
to increased hrDEERi values compared to the case of un-
bound analog, which reflects changes of its geometry result-
ing from this binding. These changes most probably relate to
some untwisting of the mRNA analog helical structure
caused by its interaction with the ribosomes. As well known,
the backbone of single-stranded RNA lacking secondary
structure forms a helix where the nucleotide bases are
located in stacking, and the unbound mRNA analog should
also have such a structure. When mRNA is bound to the
ribosome in the region of the codon-anticodon interactions,
the angle between its P and A site-bound codons arises inde-
pendently of the presence of the tRNA at the A site
(35,37,47). The latter causes disturbance of the stacking be-
tween mRNA codons at the P and A sites and thereby appar-
ently leads to increase of the distance between the first
nucleotide of the P site codon and the last nucleotide of
the A site codon, which is displayed in the growth of the
hrDEERi value.
Note that small differences in hrDEERi values found for
free and bound mRNA analog motivated us to perform a
number of additional controls to verify that the binding
indeed occurs and that it is specific (see the Supporting Ma-
terial). First, experiments with radioactively labeled mRNA
analog clearly showed that specific binding does occur. Sec-
ond, the changes of hrDEERi in the complexes versus free
mRNA take place only in the presence of tRNA(s). In addi-
tion, electron spin echo envelope modulation on proton/
deuteron nuclei was studied. Although electron spin echo
envelope modulation results were not as conclusive as thoseBiophysical Journal 109(12) 2637–2643of DEER and data obtained with radioactively labeled
mRNA, they generally support formation of specific com-
plexes between spin-labeled mRNA analog and ribosomes.
Finally, room temperature CW EPR spectra of spin-labeled
mRNA alone, spin-labeled mRNA in the presence of iso-
lated 40S or 60S subunits, and spin-labeled mRNA in the
presence of 80S ribosomes and tRNA(s) are all very similar,
indicating that the molecular dynamics and conformations
of spin labels in corresponding situations should not be
significantly different.
The mean hrDEERi values are found to be similar (3.03–
3.09 nm) in all types of the ribosomal complexes studied
Spin-Labeled RNA for Ribosome Studies 2641here, indicating that neither tRNA at the A site nor the 60S
subunit have an effect on the arrangement of the mRNA
analog at the area of codon-anticodon interactions. The
model complex 1 comprising the 40S subunit, mRNA
analog, and P site-bound tRNA resembles the 48S preinitia-
tion complex. The latter is formed as the result of scanning
of the mRNA by 40S subunit bound to the initiator Met-
tRNAi
Met and the respective translation initiation factors
to reach the start AUG codon. Accordingly, the model 80S
complexes 3 and 4 differing by the presence of tRNA at
the A site, are similar to 80S elongation complexes. The
same means hrDEERi obtained for complexes 1, 3, and 4 sug-
gest that correct geometry of mRNA in the codon-anticodon
interaction area is set by interaction of the P site codon-anti-
codon duplex with the 40S subunit ensuring proper location
of the A site codon, and that this geometry does not change
in the course of translation.Comparison of the measured distances with
those calculated from structures of ribosomal
complexes deposited in the PDB
The distance between the 50-phosphate of the first nucleo-
tide of the P site codon and the base of the third nucleotide
of the A site codon can also be calculated from the structures
of analogous complexes of eukaryotic ribosomes with
tRNAs and mRNAs deposited in the PDB (Table 2). The cal-
culations show that this distance indeed slightly depends on
the occupation of the A site with tRNA and is the same
within similar 40S and 80S ribosomal complexes. The
values of ~3 nm for the distances measured here are rather
similar to those calculated from the structures of complexes
taken from the PDB. However, all calculated values (Ta-
ble 2) are somewhat less than those found for complexes
1–4 in this work (Table 1), and the value calculated for
the complex with tRNA molecules at the P and A sites is
slightly less than those for the complexes where the A site
is vacant (Table 2). These differences might be explained
by less rigid structure of the ribosomal complexes in
glycerol-containing solutions used in our EPR study as
compared to those in samples that have been used for
x-ray (crystals) and cryo-EM (vitreous state) analyses.
More likely, the size of the label and length of the linker
between the site of its attachment in mRNA analog and
the label are responsible for these small differences. TheTABLE 2 Literature-based distances in complexes of eukaryotic ri
PDB ID (Method of Analysis
and Resolution in nm) Complex
4KZZ (x-ray, 0.70) 40S  tRNA (P site)  mRNA  eIF1A
1VXZ (cryo-EM, 0.63) 80S  tRNA (P site)  tRNA (E site)  m
4CXB (cryo-EM, 0.69) 80S  tRNA (P site)  tRNA (A site)  m
Distances between the P of the 50-terminal phosphate of mRNA codon at the P
calculated from the structures of complexes of eukaryotic ribosomes with tRNA
aeIF1A, eukaryotic translation initiation factor 1A.latter might impede detection of small differences in dis-
tances between labels in ribosomal complexes with one
and two tRNAs. At the same time, it is worth noting that
in two of three structures of ribosomal complexes taken
from the PDB for calculation of the previously mentioned
distances, the third nucleotide of the A site mRNA codon
was uridine, but not adenosine (see Table 2). These dis-
similarities might also be the reasons for small differences
between the calculated distances (Table 2) and those
measured by DEER/PELDOR (Table 1).Effect of tRNAmolecule at the ribosomal A site on
distance distribution widths
We attempted to monitor the effect of tRNA at the A site on
the arrangement of mRNA at the codon-anticodon interac-
tions area analyzing the widths of the distance distributions.
Thesewidths are contributed by conformational flexibility of
spin-labeled mRNA analog and disorder of the rather long
linker. For all studied samples the distance distributions
widths (s) are in the range of 0.46–0.55 nm (Fig. 2 b and Ta-
ble 1). One can see that thes values displayed by complexes 2
and 4 with tRNAs bound at the P and A sites are smaller than
those obtained for complexes 1 and 3 with a vacant A site.
For example, for 40S complex 2with two tRNAswe obtained
s ¼ 0.48 nm, whereas for corresponding complex 1 with
single tRNA at the P site s ¼ 0.55 nm, and this trend of the
s values for the respective complexes was systematically
observed. This indicates that conformational flexibility of
the spin-labeled mRNA analog in complexes containing
tRNAs at the P and A sites is smaller than that in the com-
plexes with the empty A site, as one would expect due to
the more rigid fixation of the mRNA by codon-anticodon in-
teractions simultaneously at the P and A sites. Thus, in addi-
tion to values of intramolecular distances, the EPR data can
provide information on the conformational flexibility of
particular mRNA fragments depending on their involvement
in interactions with the ribosome and its ligands.CONCLUSION
This work demonstrates for the first time, to our knowledge,
that DEER/PELDOR spectroscopy can be fruitfully applied
to extremely complicated biological systems operating with
RNAs. To show this, we have measured a series of spin-spinbosomes with tRNAs and mRNAs
Distance (nm)
Base in 3rd Position
of the A Site Codon Reference
a 2.78 U (37)
RNA 2.74 A (36)
RNA 2.58 U (35)
site and the C8 of A or C5 of U in the third position of the A site codon
s and mRNAs deposited in the PDB.
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in different multicomponent ribosomal complexes resem-
bling those formed at the stages of translation initiation
and elongation. We have shown that the obtained values
agree with the available structural data. In addition, new
DEER/PELDOR data allowed characterization of the extent
of conformational flexibility of the mRNA analog depend-
ing on whether the codon-anticodon interaction took place
at the ribosomal A site.
Chemical structure ofRNAenables introduction of spin la-
bels at various sites of nucleotides located at different posi-
tions in the RNA chain. Therefore, considering the
keystone role of RNA molecules in many vitally important
biological processes involving multimegadalton complexes,
one suggests that the application of DEER/PELDOR spec-
troscopy in studies of large supramolecular complexes inter-
acting with RNAs is very promising. This approach might be
used to study multicomponent structures involving small
RNAs (e.g., small nuclear RNAs, small interfering RNAs,
small nucleolar RNAs, and microRNAs) formed during
pre-mRNA and pre-rRNA processing, RNA interference,
transfer of RNAs to exosomes, etc. In such structures, natural
RNAs might be replaced by their derivatives bearing spin la-
bels at various positions. For example, labels can be attached
at the atoms C8 of adenosine and C5 of uridine of synthetic
RNAs via amino linkers, which are easily introduced at
the respective positions during automated RNA synthesis
yielding RNA derivatives up to 70 nucleotides long (48).
EPR data on structure and dynamics of RNAs in biologically
significant multicomponent supramolecular complexes
might be of great importance, helping to understand the
molecular mechanisms of their functioning and opening
ways for elaborating novel biomedical applications of these
RNAs.SUPPORTING MATERIAL
Supporting Materials and Methods, nine figures, and two tables are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)
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